Research in contextEvidence before this studyOver 55 mutations have been identified in the human sulfate transporter *SLC26A2* gene and led to five inherited skeletal diseases with varying clinical severity, ranging from two lethal forms of achondrogenesis type IB (ACG1B) and atelosteogenesis type II (AO2) to other milder types including diastrophic dysplasia (DTD). Importantly, these *SLC26A2*-deficient chondrodysplasias are currently incurable due to still perplexing pathogenesis. Although a longstanding pathogenic theory of proteoglycan (PG) undersulfation was established from several studies with *dtd* mice carrying a DTD-causing mutation in the *SLC26A2* gene, it has been reported that the level of PG undersulfation did not absolutely correlate with the clinical severity of *SLC26A2*-related chondrodysplasias, suggesting other causative factors may jointly regulate phenotypic outcome in addition to undersulfated PGs. Particularly, sulfation is a crucial post-transcriptional modification for secretory proteins, and substrates of sulfation are far more than PGs in cartilage matrix. Indeed, abnormal extracellular deposition of collagens has been noticed in both patients with ACG1B and AO2 and *dtd* mice, which warrants further investigation.Added value of this studyWe have studied ACG1B and AO2, two most severe forms of SLC26A2-related chondrodysplasias, by globally and conditionally deleting SLC26A2 in mice. A previously unrecognized causative role of SLC26A2 ablation in defective collagen secretion is highlighted in our study, which consequently triggers the ATF6 arm of the unfolded protein response (UPR) to over-activate FGFR3 signaling, one of the most profound inhibitory pathways regulating chondrocyte growth. Inspired by these findings, we further address a promising therapeutic approach targeting FGFR3 signaling to alleviate pathological hallmarks of ACG1B and AO2 in mice. This work on sulfate transporter SLC26A2 could be a springboard to understand the more complex role of sulfation in skeletal development and diseases than hitherto assumed.Implications of all the available evidenceOur study provides a promising therapeutic target by revealing the causative role of overactivated FGFR3 signaling in impaired cartilage growth so that many clinically well-tested FGF receptor inhibitors could be repurposed to treat SLC26A2-deficient chondrodysplasias. Besides, our findings also indicate that targeting UPR-dependent signaling pathways could become an attractive approach to finely modulate UPR actions in other stress-related diseases.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Sulfation is a crucial post-translational modification for secretory biomolecules such as carbohydrates \[[@bb0005]\], steroid hormones \[[@bb0010]\] and tyrosine of proteins \[[@bb0015]\], while functional research on its effects is far from exhaustive. Notably, altered components of the sulfation pathway induce evident skeletal deformities in mouse models by disrupting normal cellular uptake and metabolism of sulfates in chondrocytes \[[@bb0020], [@bb0025], [@bb0030], [@bb0035], [@bb0040], [@bb0045], [@bb0050]\]. Being the most upstream component in the sulfation pathway, SLC26A2 functions as the ubiquitously expressed sulfate transporter on the cell membrane and enables intracellular delivery of inorganic sulfate \[[@bb0055],[@bb0060]\]. Thus far, over 55 mutations have been identified in the *SLC26A2* gene and led to five inherited skeletal diseases with varying clinical severity, including achondrogenesis type IB (ACG1B), atelosteogenesis type II (AO2), diastrophic dysplasia (DTD), recessive multiple epiphyseal dysplasia (rMED) and dysplastic spondylolysis \[[@bb0065], [@bb0070], [@bb0075]\].

Previous studies carried out by Antonio Rossi and his coworkers with *dtd* mice, a loss-of-function mutation knock-in mouse strain, explain the pathogenesis of DTD with a longstanding theory of proteoglycan (PG) undersulfation \[[@bb0020],[@bb0080], [@bb0085], [@bb0090], [@bb0095]\]. However, this theory becomes less applicable when confronting the full repertoire of *SLC26A2*-related chondrodysplasias. A growing body of evidence indicates that neither the residual sulfate uptake function of mutant SLC26A2 nor the level of PG undersulfation absolutely correlates with the clinical severity of *SLC26A2*-related skeletal conditions, ranging from the lethal ACG1B and AO2 to the milder DTD and rMED, suggesting that other unknown factors may also contribute to and vary the severity of phenotypes \[[@bb0100], [@bb0105], [@bb0110], [@bb0115], [@bb0120]\]. This perplexing genotype-phenotype relationship complicates therapeutic development and renders *SLC26A2*-related chondrodysplasias currently incurable.

Notably, the altered composition of collagen in the extracellular matrix (ECM) of cartilage growth plates has been observed in both ACG1B or AO2 patients and *dtd* mice \[[@bb0085],[@bb0125],[@bb0130]\]. Whether the decreased expression, defective secretion or accelerated degradation of collagen should be held responsible is, however, overlooked in that context. The collagens are a family of the ECM structural proteins that are highly enriched in connective tissues to fulfil their function as the major tensile element \[[@bb0135]\]. Among 27 types of collagens to date, ColII/IX/X/XI are almost exclusively expressed in the cartilage, and mutations of these collagens have been characterized in various human osteochondrodysplasias \[[@bb0135],[@bb0140]\]. Ample evidence has indicated that many of the mutations in collagen genes cause inappropriate folding and accumulation of collagen proteins in the endoplasmic reticulum (ER) \[[@bb0145]\]. The retention of secretory proteins inside the ER induces a cellular condition known as the ER stress and triggers a set of adaptive mechanisms together referred to as the unfolded protein response (UPR), which underlies the pathogenesis of UPR-related chondrodysplasias \[[@bb0150],[@bb0155]\]. Three classical arms of sensors control the UPR: activating transcription factor 6 (ATF6), inositol-requiring enzyme 1α (IRE1α) and protein kinase RNA-like ER kinase (PERK) \[[@bb0160]\]. While the activated UPR initially favors the recovery of proteostasis, it also paradoxically promotes apoptosis when cells are already severely damaged or fail to adapt to the chronic stress \[[@bb0165],[@bb0170]\]. Particularly, UPR sensors have been reported to manipulate chondrocyte development and maturation by selectively transactivating chondrocyte-regulatory signaling molecules and transcription factors, such as parathyroid hormone 1 receptor (Pth1r), Indian hedgehog (Ihh), fibroblast growth factor 21 (FGF21), Sox9 and Runt-related transcription factor 2 (Runx2) \[[@bb0150],[@bb0175], [@bb0180], [@bb0185]\], thereby functioning as discrete UPR signaling modules. Therefore, targeting UPR-dependent signaling pathways could become an attractive approach to finely modulate UPR actions in stressed chondrocytes.

In this study, we show that global deletion of *SLC26A2* in mice causes perinatal lethality and a distinctive skeletal phenotype intermediate between ACG1B and AO2. Surprisingly, collagen secretion is defective in *slc26a2*^*−/−*^ chondrocytes, which consequently triggers the ATF6 arm of the UPR. In an ATF6-dependent manner, the fibroblast growth factor receptor 3 (FGFR3) signaling is substantially enhanced and dominates the pathogenesis of *SLC26A2* deficiency among other chondrocyte-regulatory pathways. Indeed, suppression of FGFR3 signaling evidently alleviates impaired cartilage growth of both explant cultures and *slc26a2*^*−/−*^ newborns. Finally, we exclude the redundancy of SLC26A2 with other sulfate transporters in chondrocytes and confirm a direct causative role of *SLC26A2* deficiency in skeletal deformities by analyzing *Col2a1-Cre; slc26a2*^*fl/fl*^ mice. Collectively, our study demonstrates a previously unrecognized mechanism underlying ACG1B and AO2 and thus provides a novel therapeutic strategy.

2. Materials and methods {#s0025}
========================

2.1. Animals {#s0030}
------------

To generate *slc26a2*^*fl/fl*^ mice, mouse genomic fragments consisting of homology arms together with conditional knockout region were amplified from BAC clone and sequentially assembled into a targeting vector containing recombination sites and selection markers (Fig. S1C). The linearized vector was introduced into ES cells (C57BL/6) via electroporation. We gained 55 drug-resistant clones in total and finally confirmed six correctly targeted ES clones by Southern blotting (Fig. S1E), of which some clones were selected for blastocyst microinjection to generate chimeric mice. By crossing founders with Flp-deleter mice, we confirmed germ-line transmission of the floxed allele and obtained *slc26a2*^*fl/+*^ mice without the neo cassette. *slc26a2*^*fl/fl*^ mice were generated by intercrossing of *slc26a2*^*fl/+*^ mice. Both *slc26a2*^*fl/fl*^ and *slc26a2*^*fl/+*^ mice were viable and fertile and exhibited no apparent phenotypic changes or modification of behavior. The *slc26a2*-LoxP mouse line was genotyped by PCR using primers flanking LoxP site (5′-GCA ACA CTA TCT CTC TGC TTG GCC T-3′ and 5′-ACC ACT AAG GAT TCT CCC GTG CAT-3′), and the results were analyzed as demonstrated in Fig. S1B. PCR screening for *slc26a2* null allele was performed with primers flanking the coding region of exon 3 and 4 (5′-GCA ACA CTA TCT CTC TGC TTG GCC T-3′ and 5′-AAC TTG CCC AGT TAC CAG GAA GAT-3′). Other used mice, including *Vasa-Cre* \[[@bb0190]\] and *Col2al-Cre* \[[@bb0195]\], were genotyped as previously reported respectively. Potential influences of mice genetic background were minimized by crossing mice lines involved in this study with wild-type C57BL/6 mice for \>9 generations before any evaluation. Animal care and experiments were performed in accordance with protocols approved by the Ethics in Animal Research Committee of the Fourth Military Medical University.

2.2. Skeletal preparation and Safranin O staining {#s0035}
-------------------------------------------------

For whole-mount skeletal staining, neonates were collected immediately after birth and fixed in 95% ethanol overnight at room temperature following evisceration. Samples were then placed in acetone overnight at room temperature and submerged in cartilage staining solution containing 0.03% (*w*/*v*) Alcian blue, 80% ethanol and 20% acetic acid overnight. Initial wash was performed by several changes of 70% ethanol to destain the cartilage. To better visualize the cartilage morphology, washing was ended before *slc26a2*^*−/−*^ and *Col2a1-Cre; slc26a2*^*fl/fl*^ cartilage was completely destained. Ossified tissues were stained by Alizarin red solution containing 0.005% (w/v) Alizarin red in 1% (w/v) KOH for 4 h at room temperature and sequentially placed at 4 °C overnight to slow down the staining. Samples were placed in 50% glycerol solution containing 1% (w/v) KOH to remove excessive stains. Images of the stained skeleton were finally captured under a dissecting microscope utilizing bright field optics. For Safranin O staining, embryos were collected following euthanization of timed pregnant females and fixed overnight in 4% paraformaldehyde. Tissues were embedded in OCT compound (Leica), cryosectioned at 8 μm and stained with Safranin O and fast green as previously described \[[@bb0030]\].

2.3. EdU incorporation and TUNEL assay {#s0040}
--------------------------------------

Methods used in the study have been previously described with minor modifications \[[@bb0200]\]. In brief, cell proliferation was evaluated using EdU labelling assay. Timed pregnant females were intraperitoneally injected with 250 μg of EdU (Invitrogen) per 10 g of body weight two or seven hours before euthanization. Hindlimbs of embryos were dissected, fixed overnight in 4% paraformaldehyde and embedded in OCT compound (Leica). EdU in tibial cryosections was detected using the Click-iT EdU Alexa Fluor 488 Imaging Kit (Invitrogen). Apoptotic cells were detected in situ on tibial cryosections by TUNEL assay using the In Situ Cell Death Detection Kit (Roche) according to the manufacturer\'s instructions.

2.4. In-situ hybridization {#s0045}
--------------------------

In-situ hybridization was performed on tibial paraffin sections with \[^35^S\]UTP-labeled riboprobes according to the previously described protocol \[[@bb0150]\]. Probes used in the study have been described previously: Sox9 and Col2a1 \[[@bb0150]\]; Col1a1, Col10a1 and MMP13 \[[@bb0200]\]; Runx2 \[[@bb0205]\]; Ihh, PTHrP receptor, Ptch1 and Gli1 \[[@bb0210]\].

2.5. Immunostaining {#s0050}
-------------------

Immunofluorescence on tibial cryosections was essentially performed as previously described \[[@bb0150]\]. The primary antibodies used were anti-COL2A1 (Abcam, ab34712, 1:100), anti-COL10A1 (from Kathryn Song Eng Cheah, University of Hong Kong, 1:500), anti-COL9A1 (Bioworld Technology, BS6945, 1:50), anti-COL11A1 antibody (Abcam, ab64883, 1:100), anti-ATF6 antibody (Abcam, ab37149, 1:100), anti-ATF4 antibody (Abcam, ab31390, 1:100), anti-GRP78 BiP antibody (Abcam, ab21685, 1:100), anti-XBP1 antibody (Abcam, ab37152, 1:100), anti-phospho- Erk1/2 antibody (Cell Signaling Technology, 4370, 1:200), anti-phospho-Stat1 antibody (Cell Signaling Technology, 9167, 1:200). Alexa Fluor 594 conjugate of Concanavalin A (Invitrogen) was used to colocalized with collagens. For ColII/IX/XI antigen retrieval, sections were treated with 2 mg/ml pepsin (Sigma Aldrich) for 10 min at 37 °C. For ColX antigen retrieval, sections were digested with 2 mg/ml hyaluronidase (Sigma Aldrich) for 20 min at 37 °C. The primary antibodies were detected with appropriate Alexa Fluor-conjugated secondary antibodies (Abcam). All sections were mounted with ProLong Gold Antifade Mountant with DAPI (Invitrogen) and visualized using a fluorescent microscope (Zeiss).

2.6. Primary chondrocyte and cartilage explant culture {#s0055}
------------------------------------------------------

For primary culture of chondrocytes, rib cartilage was isolated from E18.5 embryos and digested with 3 mg per ml collagenase D (Roche) solution for 40 min at 37 °C under 5% CO~2~ in a thermal incubator. Tissue fragments were agitated for several times to detach soft tissues and transferred into 0.5 mg per ml collagenase D solution overnight at 37 °C. Digestion solution was retrieved, filtered through an 8 μm cell strainer and then centrifuged for 10 min at 400 *g*. The pellet was resuspended with DMEM (Sigma Aldrich) supplemented with 10% fetal bovine serum (Gbico), 2 μM L-GIn, 50 U per ml penicillin and 0.05 mg per ml streptomycin. Rib chondrocytes were seeded at the density of 25 × 10^3^ cells per cm^2^ and cultured under sterile conditions at 37 °C under 5% CO~2~. For metatarsal culture, metatarsal explants were isolated from E17.5 embryos under a dissecting microscope and carefully placed into the pre-warmed 48-well plates containing 150 μl of BGJb medium (Gibco) supplemented with 0.2% *w*/*v* BSA, 5 μg per ml [l]{.smallcaps}-ascorbic acid phosphate, 1 mM β-glycerophosphate, 0.05 mg per ml gentamicin and 1.25 μg Amphotericin B. Metatarsals were cultured at 37 °C under 5% CO~2~ in the incubator. To modulate FGFR3 signaling in cultures, left metatarsals were incubated in the medium containing each or combined each two of 500 nM NVP-BGJ398 (Selleck), 2 μM SCH772984 (Selleck) or 50 ng per ml FGF-2 (PeproTech), whereas the right counterparts were used as controls. Tibias were isolated from E17.5 embryos and cultured at the liquid-air interface according to the previously described protocol \[[@bb0215]\]. Left tibias were exposed to 500 nM NVP-BGJ398 (Selleck), and right ones were used as untreated controls. The images of metatarsal and tibia explants were captured at the beginning (day 0) and on day 5. The length was measured using Image J software.

2.7. Western blot and qPCR {#s0060}
--------------------------

For immunoblot analysis, cells were lysed by RIPA buffer and centrifuged to extract total proteins. The protein concentration was measured using Pierce BCA Protein Assay Kit (Thermo Scientific). A certain amount of protein was mixed with loading buffer (Beyotime Biotechnology), boiled for 15 min and subjected to SDS-PAGE followed by transferring to PVDF membranes. Blots were probed with primary antibodies, including anti-ATF6 antibody (Abcam, ab37149, 1:1000), anti-phospho-ERK1/2 antibody (Cell Signaling Technology, 4370, 1:1000), anti-ERK1/2 antibody (Cell Signaling Technology, 9102, 1:1000) and anti-FGFR3 antibody (Santa Cruz Biotechnology, sc-390,423, 1:1000). For qPCR, total RNA was extracted using MiniBEST Universal RNA Extraction Kit (TaKaRa). Reverse transcription was performed with PrimeScript RT Master Mix (TaKaRa). Synthesized cDNA was subjected to qPCR analysis using TB Green Premix Ex Taq II (TaKaRa). Primers used for qPCR to confirm Cre recombination were as follows: SLC26A2, 5′-AAG AGC AGC ATG ACC TCT CAC-3′ (forward) and 5'-CTG CCT CAA GTC AGT GCC T-3′ (reverse); GAPDH, 5′-AGG TCG GTG TGA ACG GAT TTG-3′ (forward) and 5′-TGT AGA CCA TGT AGT TGA GGT CA-3′ (reverse).

2.8. Analysis of FGFR3 signaling in primary chondrocytes {#s0065}
--------------------------------------------------------

When reaching 90% confluence, primary rib chondrocytes were treated with FGF-2 (50 ng per ml) for 5 min and lysed for Western blotting. For small interfering RNA (siRNA) transfection, primary chondrocytes reaching sub-confluence were incubated with 100 nM siRNA mixed with siRNA-Mate Transfection Reagent (GenePharma) according to manufacturer\'s instructions. After 48-h transfection, chondrocytes were subjected to FGF-2 exposure and Western blot analysis as described above. The sequence of the siRNA targeting mouse ATF6 gene is 5′-GGA ACC AAA CCA GCA CCU UTT AAG GUG CUG GUU UGG UUC CTT-3′. The control siRNA was a non-targeting sequence purchased from GenePharma Co. Ltd.

2.9. Dual-luciferase reporter assay {#s0070}
-----------------------------------

A promoter series were amplified from the mouse FGFR3 gene with the primers listed in Table S2 and cloned into pGL4.17 vector (Promega) to promote the expression of the luciferase. The gene fragment encoding ATF6 protein was amplified by PCR and cloned into pcDNA3.1^(+)^ vector (Invitrogen) using GTG GAA TTC atg gag tcg cct ttt agt ccg as the forward primer and TAG ACT CGA Gct act gca acg act cag gga tg as the reverse primer. MC3T3-E1 cells (ATCC, CRL-2594) were seeded at 1 × 10^5^ cells per well in 24-well plates. Transfection was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer\'s protocol when cells reached subconfluence. Each well contained 300 ng tested constructs and 30 ng pRL-SV40 (Promega) vector which served as an internal control. Twenty-four hours after transfection, luciferase assays were conducted using Dual-luciferase Reporter Assay System (Promega) following the manufacturer\'s instructions. The light units were measured with a luminometer (Promega Glomax 2020). Results were normalized to Renilla luciferase, presented as ratios of Luc/Renilla activity and acquired in triplicates from at least three different experiments.

2.10. Drug treatment {#s0075}
--------------------

For in vivo NVP-BGJ398 treatment, pregnant females (E14.5) received daily intraperitoneal administration of NVP-BGJ398 (ApexBio Technology, 15 mg per kg body weight, dissolved in 50 μl DMSO) or vehicle (50 μl DMSO) till the delivery. Under a surveillance camera, neonates were collected immediately after birth for further analyses.

2.11. Statistical analysis {#s0080}
--------------------------

Statistical analysis was performed with GraphPad Prism software, and the results were given as mean ± SD. Differences between experimental groups were assessed using the unpaired two-tailed Student\'s *t-*test or one-way ANOVA with Bonferroni post hoc test, and *p* \< .05 was considered significant.

3. Results {#s0085}
==========

3.1. slc26a2^−/−^ mice phenocopy human ACG1B and AO2 disease phenotypes {#s0090}
-----------------------------------------------------------------------

To systemically ascertain the function of *SLC26A2* in the cartilage and other tissues, we firstly constructed *SLC26A2* total knockout mouse line using the Cre/loxP technology. Male *slc26a2*^*fl/fl*^ mice, in which loxP sites flanked the whole coding region of exon 3 and 4 in the SLC26A2 gene as demonstrated in Methods, were in cross with female transgenic *Vasa-Cre* mice, a germ cell-specific mouse transgenic Cre line permitting conversion of a floxed to a null allele in progeny \[[@bb0190]\], to generate *Vasa-Cre; slc26a2*^*fl/+*^ mice (Fig. S1A-B). Successful global Cre recombination was confirmed by PCR screening with primers flanking the coding region of exon 3 and 4 ([Fig. 1](#f0005){ref-type="fig"}A). An additional cross-breeding of *Vasa-Cre; slc26a2*^*fl/+*^ mice was conducted to generate *SLC26A2* total knockout mice and to eliminate the transgene Cre. Only *slc26a2*^+/−^ and *slc26a2*^*−/−*^ mice were included for further studies. Analyses of quantitative real-time RT-PCR (qPCR) with previously reported SLC26A2-expressing tissues indicated reduced mRNA levels of *SLC26A2* in the samples from *slc26a2*^*−/−*^ mice compared with those of *slc26a2*^*fl/fl*^ mice ([Fig. 1](#f0005){ref-type="fig"}B). The body size of *slc26a2*^+/−^ and *slc26a2*^*−/−*^ embryos diverged after E14.5 and became significantly different at E15.5 ([Fig. 1](#f0005){ref-type="fig"}C-D). Notably, the mesenchymal condensation is around E11.5-E12.5 in mice, which happens to precede the occurrence of morphological differences between *slc26a2*^+/−^ and *slc26a2*^*−/−*^ embryos \[[@bb0220],[@bb0225]\]. All P0 *slc26a2*^*−/−*^ newborns (\>60) died immediately after birth without showing any respiratory movement of the thorax and manifested an overall look featured by short neck with thickened soft tissue, small chest, extremely short limbs and protuberant abdomen ([Fig. 1](#f0005){ref-type="fig"}C). Alcian blue/Alizarin red skeletal stains indicated multiple skeletal defects, including a global shrinkage in the size of both appendicular and axial, but to a less extent, skeleton; impaired ossification of tympanic and long bones; hypoplastic clavicles; small thoracic cage with shortened and somewhat broadened ribs; platyspondyly, accelerated and irregular ossification of vertebral bodies and premature closure of neurocentral synchondroses; typically bowed tibias ([Fig. 1](#f0005){ref-type="fig"}E-H and Fig. S2A--B). More importantly, these defects mostly characterize skeletal deformities of human ACG1B and AO2, two neonatally lethal chondrodysplasias in the spectrum of *SLC26A2*-related skeletal disorders \[[@bb0230],[@bb0235]\]. To further explain the neonatal death of *slc26a2*^*−/−*^ mice, we performed μCT scanning and found no air in the thoracic cage of P0 *slc26a2*^*−/−*^ newborns, and histological analysis of lung sections showed signs of atelectasis (Fig. S2C--D). Skeletal preparation and rib cartilage sections showed that the rib cartilage was thicker but less densely populated by chondrocytes in P0 *slc26a2*^*−/−*^ newborns than *slc26a2*^+/−^ littermate controls (Fig. S2E--F). Despite the ubiquitous expression of SLC26A2 in various tissues, no apparent overall phenotype was found in the kidney, heart and gastrointestinal tract of P0 *slc26a2*^*−/−*^ newborns (Fig. S2G). Taken together, hypoplasia of the thorax may contribute to the neonatal lethality of *slc26a2*^*−/−*^ neonates by causing respiratory disorders.Fig. 1*slc26a2*^*−/−*^ mice phenocopy achondrogenesis type 1B and atelosteogenesis type 2. (A) Representative results of PCR screening for *SLC26A2* null allele. The primers will initiate proper amplification only if global Cre recombination takes place. NC: negative control. (B) Real-time quantitative PCR (qPCR) analysis. Experiments were repeated three times, and results were normalized to GAPDH and shown as mean ± SD. (C) Gross appearance of *slc26a2*^*+/−*^ (part i) or *slc26a2*^*−/−*^ (part ii) mice at E12.5, E14.5, E15.5 and P0. Scale bar: 5 mm. (D) Statistical analysis of embryo length (*n* ≥ 3). (E) Whole-mount skeletal staining of P0 *slc26a2*^*+/−*^ (part i) or *slc26a2*^*−/−*^ (part ii) skeletons using Alizarin red and Alcian blue. Scale bar: 4 mm. (F, G) Craniofacial bones, vertebrae (F) and limbs (G) of P0 *slc26a2*^*+/−*^ (part i) or *slc26a2*^*−/−*^ mice. Scale bar: 2 mm. (H) Statistical analysis of limb length (*n* = 11). (I) Safranin O and fast green staining of E18.5 tibial growth plates. Scale bar: 50 μm. (J) Statistical analysis of the length of the resting zone (RZ), proliferating zone (PZ) and hypertrophic zone (HZ) (*n* = 5). (K) Statistical analysis of the cellularity (n = 5). (L) EdU labeling of proliferating chondrocytes. Incorporated EdU (green) were detected 7 h after injection on E18.5 tibial growth plate sections. Higher magnification of the boxed areas is shown in the right panels. Scale bar: 50 μm. (M) Quantification of EdU-labeled cells in each zone (n = 5). (N) TUNEL staining (green). Scale bar: 50 μm. (O) Quantification of TUNEL-labeled cells (n = 5). For all the above-mentioned statistical analyses, significance was determined by Student\'s *t*-test, and results were shown as mean ± S.D. \*: *p* \< .05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 1

3.2. SLC26A2 deletion disrupts cartilage growth plate morphogenesis by inhibiting chondrocyte proliferation and hastening cell death {#s0095}
------------------------------------------------------------------------------------------------------------------------------------

At the cellular level, in *slc26a2*^*−/−*^ growth plates, a relatively minor decrease in the length of proliferating zone and the volume expanding of hypertrophic chondrocytes were observed at E14.5, and clearance of hypertrophic chondrocyte was slightly delayed at E15.5 compared with *slc26a2*^+/−^ littermate controls (Fig. S3A). We then focused on E18.5 when growth plate defects were most apparent in *slc26a2*^*−/−*^ mice. Safranin O, a cationic dye showing affinity to polyanionic sulfated molecules, was used to reveal the sulfation degree of the ECM. Consistent with previous studies on human ACG1B and AO2 \[[@bb0240]\], the cartilage matrix was less intensely stained by Safranin O in *slc26a2*^*−/−*^ growth plates than *slc26a2*^+/−^ controls, which indicated matrix undersulfation ([Fig. 1](#f0005){ref-type="fig"}I). The morphology of *slc26a2*^*−/−*^ growth plates was severely disrupted, showing shortened length, disorganized chondrocyte alignment and decreased cellularity ([Fig. 1](#f0005){ref-type="fig"}I-K). Chondrocyte columns were almost absent, and volume expanding of hypertrophic chondrocytes was inhibited in *slc26a2*^*−/−*^ growth plates ([Fig. 1](#f0005){ref-type="fig"}I). We observed multiple cystic acellular areas in *slc26a2*^*−/−*^ growth plates among areas of relatively normal cellularity ([Fig. 1](#f0005){ref-type="fig"}I and Fig. S3B), which was consistent with the observation in cartilage sections from patients with ACG1B and AO2 \[[@bb0235]\]. Interestingly, some of these areas were rimmed with chondrocytes harboring flattened nuclei (Fig. S3B). To investigate whether defective morphogenesis of *slc26a2*^*−/−*^ growth plates resulted from the altered balance between chondrocyte proliferation and apoptosis, we performed in vivo EdU labelling and TUNEL assay. Compared with *slc26a2*^+/−^ littermate controls, the growth plates of E18.5 *slc26a2*^*−/−*^ embryos exhibited a significant decrease in the number of EdU-labeled chondrocytes in the resting and proliferating zone in two and seven hours after EdU injection ([Fig. 1](#f0005){ref-type="fig"}L-M and Fig. S3C). Results from TUNEL staining on E18.5 tibial sections demonstrated that positive signals were only restricted to a few late-stage hypertrophic chondrocytes in *slc26a2*^+/−^ growth plates, whereas TUNEL-positive cells appeared in both proliferating and hypertrophic zones in *slc26a2*^*−/−*^ growth plates ([Fig. 1](#f0005){ref-type="fig"}N). Notably, the number of TUNEL-positive chondrocytes increased by more than ten times in *slc26a2*^*−/−*^ growth plates than that of *slc26a2*^*+/−*^ littermate controls ([Fig. 1](#f0005){ref-type="fig"}O).

3.3. SLC26A2 regulates chondrocyte maturation and differentiation {#s0100}
-----------------------------------------------------------------

To determine whether disturbed morphogenesis of *slc26a2*^*−/−*^ growth plates might reflect abnormalities of chondrocyte differentiation and maturation, we performed RNA in situ hybridization to locate and analyze different chondrocyte subpopulations. In *slc26a2*^+/−^ tibial growth plates at E15.5 and E18.5, early hypertrophic chondrocytes that abundantly expressed Col10a1 showed dramatically reduced expression of both Sox9, an early chondrocyte-specific marker, and Col2a1, a marker for proliferating and prehypertrophic chondrocytes ([Fig. 2](#f0010){ref-type="fig"}A-B). In *slc26a2*^*−/−*^ tibial growth plates, Col10a1-expressing chondrocytes, however, still maintained a relatively higher level of Sox9 and Col2a1 expression, demonstrating delayed maturation of *slc26a2*^*−/−*^ chondrocyte ([Fig. 2](#f0010){ref-type="fig"}A-B). Moreover, Col10a1-expressing range in E18.5 *slc26a2*^+/−^ and *slc26a2*^*−/−*^ tibial growth plates evidently dwindled and were no longer comparable to that observed at E15.5 ([Fig. 2](#f0010){ref-type="fig"}A-B). Around E15.5, with the terminal differentiation of hypertrophic chondrocytes, vascularization and replacement of the cartilage with endochondral bones take place in the limb growth plate of mice \[[@bb0245]\]. As shown in [Fig. 2](#f0010){ref-type="fig"}A, MMP13, a marker for late hypertrophic chondrocytes and newly recruited osteoblasts, was highly expressed in the lower hypertrophic zone of E15.5 *slc26a2*^+/−^ tibial growth plates, exhibiting a complementary expression pattern with Col10a1. Conversely, in E15.5 *slc26a2*^−/−^ counterparts, the expression of MMP13 was reduced, indicating that fewer hypertrophic chondrocytes reached terminal differentiation due to *SLC26A2* deletion ([Fig. 2](#f0010){ref-type="fig"}A). We observed a certain number of late-stage hypertrophic chondrocytes expressing Col1a1, a marker also highly expressed by osteoblastic cells, in E15.5 *slc26a2*^+/−^ growth plates, whereas Col1a1 expression was almost missing in E15.5 *slc26a2*^*−/−*^ growth plates ([Fig. 2](#f0010){ref-type="fig"}A). Furthermore, in E18.5 *slc26a2*^*−/−*^ growth plates, reduced expression of MMP13 and Col1a1 was not only observed in the lower hypertrophic zone but also at the osteochondral junction where trabecular bones were formed ([Fig. 2](#f0010){ref-type="fig"}B). Consistently, we observed reduced trabecular bone formation and irregular vascular invasion at E18.5 *slc26a2*^*−/−*^ osteochondral junctions compared with those of *slc26a2*^+/−^ littermate controls (Fig. S3D-E).Fig. 2*SLC26A2* deletion impairs chondrocyte maturation and differentiation. (A, B) In situ hybridization for chondrocyte markers on sections of *slc26a2*^*+/−*^ (part i) and *slc26a2*^*−/−*^ (part ii) tibial growth plates at E15.5 (A) and E18.5 (B). Scale bar: 200 μm.Fig. 2

3.4. slc26a2^−/−^ chondrocytes are defective for collagen secretion {#s0105}
-------------------------------------------------------------------

PG undersulfation has been well documented in the context of SLC26A2 malfunction \[[@bb0020]\], whereas collagens, another major category of matrix elements actively secreted by chondrocytes, haven\'t been fully explored. We first examined ColII, the most abundantly expressed collagen in the growth plate \[[@bb0250]\], by performing immunostaining. In E18.5 *slc26a2*^*+/−*^ tibial growth plates, ColII was uniformly distributed in the extracellular space ([Fig. 3](#f0015){ref-type="fig"}A) and barely colocalized with fluorescent Concanavalin A ([Fig. 3](#f0015){ref-type="fig"}B), a common probe for endoplasmic reticulum localization \[[@bb0255]\]. Strikingly, the expression pattern of ColII was considerably altered in E18.5 *slc26a2*^*−/−*^ tibial growth plates. Firstly, extracellular ColII was almost missing in places of acellularity, and only a few dim fluorescent signals could be detected around chondrocytes ([Fig. 3](#f0015){ref-type="fig"}A-B). Secondly, the dramatically increased ColII appeared to be intracellular and showed a massive colocalization with Concanavalin A, suggesting that ColII was retained in the ER due to *SLC26A2* deletion ([Fig. 3](#f0015){ref-type="fig"}B). Thirdly, ColII retention seemed more drastic in the distal tibial growth plate than in the proximal (Fig. S4). Similarly, considerable immunofluorescent signals of ColIX were detected inside of *slc26a2*^*−/−*^ growth plate chondrocytes rather than in the ECM and colocalized with Concanavalin A, which was less seen in *slc26a2*^*+/−*^ chondrocytes ([Fig. 3](#f0015){ref-type="fig"}A-B). The immunostaining pattern of ColXI and ColX was comparable between *slc26a2*^*−/−*^ and *slc26a2*^*+/−*^ growth plates in the aspect that both signals reached out into the ECM ([Fig. 3](#f0015){ref-type="fig"}A). However, the expression range of ColX was dwindled in *slc26a2*^*−/−*^ growth plates compared with that of *slc26a2*^*+/−*^ controls. Particularly, ColII, ColIX and ColXI were undetectable in those above-mentioned "cystic acellular areas" ([Fig. 3](#f0015){ref-type="fig"}A). Consistent with the abnormal distribution of collagens revealed by immunofluorescence, transmission electron microscope (TEM) analysis of *slc26a2*^*−/−*^ chondrocytes showed aberrant distension of the ER and reduction of fibril-like structures surrounding the chondrocytes, compared with *slc26a2*^*+/−*^ controls ([Fig. 3](#f0015){ref-type="fig"}C and Fig. S5A). Massive intracellular accumulation of matrix-containing vesicles was observed in *slc26a2*^*−/−*^ chondrocytes (Fig. S5B). Additionally, scanning electron microscope (SEM) analysis indicated disorganized and reduced scaly structures of cartilage matrix in *slc26a2*^*−/−*^ growth plates (Fig. S5C).Fig. 3Collagen retention in *slc26a2*^*−/−*^ chondrocytes. (A) Immunostaining of Col2a1, Col9a1, Col10a1 and Col11a1 (green) on tibial sections from E18.5 *slc26a2*^*+/−*^ and *slc26a2*^*−/−*^ embryos. Disposition of ColII and ColIX were significantly reduced in the ECM of *slc26a2*^*−/−*^ growth plates, and strong intracellular signals were detected instead, whereas ColXI distribution was less affected. ColX diffused into ECM and deposited around hypertrophic chondrocytes in both *slc26a2*^*+/−*^ and *slc26a2*^*−/−*^ growth plates. Scale bar: 100 μm. (B) Confocal analyses of colocalization of ConA (red), an ER marker, with ColII/IX (green). ConA barely colocalized with collagen in *slc26a2*^*+/−*^ chondrocytes. Conversely, a strong colocalization was observed in *slc26a2*^*−/−*^ chondrocytes. ConA, Concanavalin A. Scale bar: 30 μm. (C) Representative TEM image of chondrocytes (top) and cartilage matrix (bottom) of tibia at E18.5. ER was evidently distended in *slc26a2*^*−/−*^ chondrocytes (arrowhead) along with reduced fiber-like structures round *slc26a2*^*−/−*^ chondrocytes (asterisk). Scale bar: 500 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 3

3.5. Activated UPR and enhanced FGFR3 signaling in slc26a2^−/−^ chondrocytes {#s0110}
----------------------------------------------------------------------------

Considering intracellularly aggregated collagens and the distended ER in *slc26a2*^*−/−*^ chondrocytes, we further questioned whether the UPR was induced and performed immunofluorescence to detect UPR sensors in situ ([Fig. 4](#f0020){ref-type="fig"}A). Consistently, we observed an overexpression, to various degree, of UPR readouts, including ATF4, BIP, CHOP, ATF6 and XBP1, in *slc26a2*^*−/−*^ proliferating chondrocytes compared with the *slc26a2*^*+/−*^ counterpart ([Fig. 4](#f0020){ref-type="fig"}A). Notably, among these UPR transducers, we found a preferentially upregulated expression of ATF6 along with a strikingly increased nucleus colocalization in *slc26a2*^*−/−*^ proliferating chondrocytes, which was scarcely detected in *slc26a2*^*+/−*^ proliferating chondrocytes ([Fig. 4](#f0020){ref-type="fig"}A). To ascertain potential downstream mediators of the ATF6 arm of the UPR, we examined signaling readouts, Ptch1, Gli1, Hip1, Ppr, Wnt5a, Wnt5b, Cyclin D1 and p-Smad2, of important growth factors regulating cartilage growth, Wnts, Ihh and TGFβ, by carrying out in situ hybridization and immunostaining on sections of tibial growth plates (Fig. S6A). Compared with *slc26a2*^*+/−*^ littermate controls, we found patterns of these above-mentioned readouts roughly similar in *slc26a2*^*−/−*^ growth plates (Fig. S6A). However, ERK1/2 and STAT1 as the putative effectors of FGFR3 signaling, one of the most profound inhibitory pathways during cartilage development, stood out for considerably enhanced phosphorylation in *slc26a2*^*−/−*^ chondrocytes ([Fig. 4](#f0020){ref-type="fig"}B). Additionally, phosphorylated STAT1 (p-STAT1) was mainly detected in *slc26a2*^*+/−*^ proliferating and pre-hypertrophic chondrocytes while signals of phosphorylated ERK1/2 (p-ERK1/2) were restricted to the hypertrophic zone (Fig. S6B). In *slc26a2*^*−/−*^ growth plates, p-ERK1/2 and p-STAT1 exhibited not only increased intensity but also an extended distribution throughout nearly all subpopulations of chondrocytes ([Fig. 4](#f0020){ref-type="fig"}C and Fig. S6B).Fig. 4The activated ATF6 arm of the UPR enhances FGFR3 signaling in *slc26a2*^*−/−*^ chondrocytes. (A, B) Immunofluorescent analyses of UPR sensors (A) and downstream mediators of FGFR3 signaling (B) in proliferating chondrocytes on sections of tibial growth plates at E18.5. Scale bar: 50 μm. (C) Quantification of p-ERK1/2- and p-STAT1-positive cells in the proliferating zone (*n* = 3). (D) Western blotting showed increased expression of both ATF6 and FGFR3, and stronger ERK1/2 phosphorylation in response to FGF-2 stimulation in *slc26a2*^*−/−*^ primary rib chondrocytes (Lane 2, 4, 6), compared with those of *slc26a2*^*+/−*^ controls (Lane 1, 3, 5). (E) Statistical analyses of Western blotting from three independent experiments was performed with Image J software. Results were normalized to GAPDH. (F) Immunoblotting analyses. Primary chondrocytes isolated from *slc26a2*^*−/−*^ rib cartilage were transfected with the nontargeted siRNA (siCon) or the one targeted to mouse ATF6 gene (siATF6) and sequentially stimulated with FGF-2. (G) Quantitative data of Western blotting from three independent experiments.Fig. 4

3.6. Overactivated FGFR3 signaling in slc26a2^−/−^ chondrocytes is ATF6-dependent {#s0115}
---------------------------------------------------------------------------------

To further investigate the molecular mechanism underlying *SLC26A2* ablation, we cultured primary chondrocytes of rib cartilage from E18.5 *slc26a2*^*+/−*^ and *slc26a2*^*−/−*^ embryos. Consistent with upregulated ATF6 and enhanced FGFR3 signaling indicated by immunostaining, western blot analyses confirmed that both ATF6 and FGFR3 were increased at the protein level in primary *slc26a2*^*−/−*^ chondrocytes, compared with those of *slc26a2*^*+/−*^ controls ([Fig. 4](#f0020){ref-type="fig"}D-E). Given that the upregulation of FGFR3 proteins might sufficiently enhance the signaling, we, therefore, examined the FGF sensitivity of *slc26a2*^*−/−*^ primary chondrocytes. To accomplish this, we stimulated chondrocytes with FGF-2 and used ERK1/2 phosphorylation as a readout for signaling activation \[[@bb0260]\]. As expected, *slc26a2*^*−/−*^ chondrocytes showed a hyper-sensitivity to FGF2 by exhibiting a substantially stronger elevation of ERK1/2 phosphorylation than what was seen in *slc26a2*^*+/−*^ chondrocytes ([Fig. 4](#f0020){ref-type="fig"}D-E). We next investigated whether increased expression of FGFR3 resulted from upregulation of ATF6 in *slc26a2*^*−/−*^ chondrocytes by detecting FGFR3 expression after ATF6 knockdown ([Fig. 4](#f0020){ref-type="fig"}F-G). Immunoblots showed that endogenous ATF6 was downregulated when *slc26a2*^*−/−*^ chondrocytes were transfected with the siRNA targeted to mouse ATF6 gene (siATF6), compared to *slc26a2*^*−/−*^ chondrocytes transfected with a nontargeted control siRNA (siCon). Importantly, FGFR3 expression together with the cellular response to FGF2 stimulation was significantly reduced along with ATF6 knockdown, compared with siCon transfection ([Fig. 4](#f0020){ref-type="fig"}F-G).

3.7. ATF6 regulates transcription of FGFR3 through the responsive element in the first intron {#s0120}
---------------------------------------------------------------------------------------------

Given that ATF6 is a potent stress-related transcriptional factor \[[@bb0265],[@bb0270]\], we were prompted to test whether ATF6 can directly promote FGFR3 expression. We searched for ATF6 binding sites in the mouse FGFR3 gene employing precomputed ATF6 models in the TRANSFAC Public database and found 18 candidate sequences (Table S1). To include 8 predicted ATF6 binding sites, we split a total of 2887 bp regulatory region before the start codon ATG of mouse FGFR3 gene in three, namely −2270 to −1320, −1320 to −102, −102 to +616 (transcription start site = +1), and cloned each into a pGL4.17 vector for the promoter assay based on the dual-luciferase system ([Fig. 5](#f0025){ref-type="fig"}A-B). The relative luciferase activity of the −102/+616 construct was significantly elevated when ATF6 was overexpressed, whereas no augmented luciferase activity was detected along with co-transfection of ATF6 and the other two tested constructs ([Fig. 5](#f0025){ref-type="fig"}B). Interestingly, the −102/+616 construct only contains one predicted binding sequence in intron I (TGAGTTGG, +137 from the transcription start site), suggesting direct transactivation of FGFR3 by ATF6 ([Fig. 5](#f0025){ref-type="fig"}A and Table S1). To further locate and confirm the regulatory potential of ATF6-response element, we selectively deleted 5′ *cis*-regulatory sequences between −110 and + 616 to create a new panel of promoter constructs, including basal *c1* (−110/+616), *c2* (+145/+616) and *c3* (−110/+136, +145/+616) ([Fig. 5](#f0025){ref-type="fig"}C). Absence of the predicted ATF6 binding site in *c2* and *c3* reduced the strong upregulation of luciferase activity observed with the co-transfection of *c1* and ATF6, although a fairly weak upregulation of luciferase activity was still detected when either *c2* or *c3* was co-transfected with ATF6, compared with mock controls ([Fig. 5](#f0025){ref-type="fig"}D). Moreover, mutation of the binding site, TGAGTTGG to TTTGTTGG, was sufficient to abolish transcriptional regulation by ATF6, as evidenced by completely failed ATF6 transactivation of luciferase reporters controlled by promoter *c4* (−110/+616 with above-mentioned mutations) ([Fig. 5](#f0025){ref-type="fig"}D).Fig. 5Identification of the ATF6-responsive element in the murine FGFR3 gene. (A) Schematic representation of predicted ATF6 consensus DNA binding sequences (shaded areas) in the FGFR3 promoter region, using LASAGNA-Search 2.0. 5′ *cis*-regulatory sequences, exons and introns were denoted by horizontal lines, open boxes and zig-zag lines, respectively. (B) Three constructs were generated by splitting a 2887 bp fragment before the ATG initiation codon of the FGFR3 gene in three (−2270 to −1320, −1320 to −102, −102 to +616) as demonstrated in the left panel. Luciferase activity of reporters driven by each construct was measured. Results from three independent experiments were presented as ratios of Luc/Renilla luciferase activity. (C) Schematic representation of tested constructs: *c1*, −110/+616 basal promoter; *c2*, +145/+616 downstream sequences of ATF6 element; *c3*, truncated −110/+616 without ATF6 element; *c4*, mutant −110/+616. (D) Results of promoter assay with constructs from (C). For all the above-mentioned statistical analyses, significance was determined by Student\'s *t*-test, and results were shown as mean ± SD. \*: *p* \< .05.Fig. 5

3.8. Targeting FGFR3 signaling modulates cartilage growth in vitro {#s0125}
------------------------------------------------------------------

To confirm whether FGFR3 signaling contributes to impaired cartilage growth, we examined the growth of cultured metatarsal explants from E17.5 *slc26a2*^*−/−*^ embryos with exposure to different regulatory reagents of FGFR3 signaling pathway. When stimulated with NVP-BGJ398, a selective inhibitor for FGFR3 \[[@bb0275]\], explant cultures exhibited significantly ameliorated defective elongation compared with the vehicle-treated ([Fig. 6](#f0030){ref-type="fig"}A-B). We also observed similarly improved growth of explants by inhibiting ERK1/2 kinase, a putative downstream effector of FGFR3 \[[@bb0280]\], with SCH772984 in comparison with control cultures ([Fig. 6](#f0030){ref-type="fig"}A-B). Next, we speculated that if hyperactive FGFR3 signaling was responsible for impaired cartilage growth caused by *SLC26A2* deficiency, further activation of FGFR3 would worsen the phenotype. As expected, explants treated with FGF2 demonstrated further impaired growth than those treated with vehicle ([Fig. 6](#f0030){ref-type="fig"}A-B). Moreover, either SCH772984 or NVP-BGJ398 treatment was sufficient to alleviate the worsened growing retardation caused by FGF2 challenging ([Fig. 6](#f0030){ref-type="fig"}A-B). To further evaluate whether NVP-BGJ398 could restore uncoordinated cell proliferation and death in *slc26a2*^*−/−*^ growth plates, we cultured E17.5 embryonic tibias from *slc26a2*^*−/−*^ embryos. Consistent with our findings in cultured metatarsal explants, NVP-BGJ398 improved defective elongation compared with vehicle-treated cultures ([Fig. 6](#f0030){ref-type="fig"}C-D). Notably, we observed that NVP-BGJ398 treatment increased chondrocyte proliferation and decreased cell death in comparison with the vehicle-treated, indicated by Ki67 immunostaining and TUNEL staining respectively ([Fig. 6](#f0030){ref-type="fig"}E-F).Fig. 6Targeting FGFR3 signaling to modulate *slc26a2*^*−/−*^ cartilage growth in vitro. (A) Metatarsals were isolated from E17.5 *slc26a2*^*−/−*^ embryos and cultured for 5 days with (+) or without (−) exogenous interventions as indicated. Representative images of explants on day 0 (top) and day 5 (bottom) are shown. Scale bar: 200 μm. (B) Statistical analysis of explant length according to different treatments (*n* ≥ 6). Data are expressed as mean ± SD. \*: p \< .05, one-way ANOVA. (C) Tibias were removed from E17.5 *slc26a2*^*−/−*^ embryos and cultured with or without NVP-BGJ398 treatment for 5 days. Representative images of tibia cultures on day 5 harvested from one *slc26a2*^*−/−*^ embryo are shown. Scale bar: 500 μm. (D) Ki67 immunostaining and TUNEL staining on tibial sections of NVP-BGJ398-treated and --untreated cultures. Scale bar: 100 μm. (E) Gain of length of tibia cultures (*n* = 7). (F) Quantification of Ki67- and TUNEL-positive cells in comparative boxed areas as indicated in (D) (n = 3). For (E) and (F), significance was determined by Student\'s *t*-test, and results were shown as mean ± SD. \*: p \< .05.Fig. 6

3.9. NVP-BGJ398 ameliorates skeletal defects of slc26a2^−/−^ newborns {#s0130}
---------------------------------------------------------------------

Based on these encouraging in vitro data, we were prompted to test whether NVP-BGJ398 could ameliorate chondrodysplasia induced by *SLC26A2* ablation in vivo. To accomplish this, we treated pregnant females from 14.5 dpc with intraperitoneal injections of NVP-BGJ398 (15 mg per kg body weight per day till delivery) and collected *slc26a2*^*−/−*^ newborns for further analyses. Surprisingly, some extreme cases (*n* = 2) of all *slc26a2*^*−/−*^ newborns (*n* = 9) from pregnant females treated with NVP-BGJ398 could survive P0, still exhibiting aberrant respiratory movement, but fail to live through P1, whereas all *slc26a2*^*−/−*^ newborns (n = 9) from vehicle-treated pregnant females died immediately after birth ([Fig. 7](#f0035){ref-type="fig"}A). No noticeable phenotypic changes or modification of behavior were found in P0 *slc26a2*^*+/−*^ littermate newborns with NVP-BGJ398 treatment (data not shown). NVP-BGJ398 partially rescued the limb shortening, including the humerus, radius, ulna, femur and tibia, in *slc26a2*^*−/−*^ newborns from pregnant females treated with NVP-BGJ398 compared with *slc26a2*^*−/−*^ newborns from vehicle-treated pregnant females ([Fig. 7](#f0035){ref-type="fig"}B, D). Histological analyses of the proximal tibial growth plates revealed that NVP-BGJ398 treatment significantly expanded the proliferating zone and increased the number of both discoid chondrocytes and well-aligned chondrocyte columns which were scarcely seen in growth plates of vehicle-treated controls ([Fig. 7](#f0035){ref-type="fig"}C, E). Besides, defective volume expansion of hypertrophy chondrocytes was improved in growth plates of *slc26a2*^*−/−*^ newborns in NVP-BGJ398-treated group ([Fig. 7](#f0035){ref-type="fig"}C). In line with these favorable morphological changes, chondrocyte proliferation was significantly increased in NVP-BGJ398-treated *slc26a2*^*−/−*^ growth plates, indicated by the increased number of Ki67-positive chondrocytes ([Fig. 7](#f0035){ref-type="fig"}F, H). Furthermore, NVP-BGJ398 treatment also prevented apoptosis of *slc26a2*^*−/−*^ chondrocytes, revealed by TUNEL staining on tibial sections of *slc26a2*^*−/−*^ neonates ([Fig. 7](#f0035){ref-type="fig"}F, H). To confirm whether NVP-BGJ398 efficiently tunes down FGFR3 signaling, we performed immunostaining of p-ERK1/2 on sections of tibial growth plates and observed a drastic lowering of ERK1/2 phosphorylation in growth plates of NVP-BGJ398-treated *slc26a2*^*−/−*^ newborns than those of vehicle-treated *slc26a2*^*−/−*^ controls ([Fig. 7](#f0035){ref-type="fig"}G, H). Collectively, these data suggest that NVP-BGJ398 treatment is effective in vivo to improve the long bone growth and coordinate cell death and proliferation by suppressing FGFR3 signaling in *slc26a2*^*−/−*^ chondrocytes.Fig. 7NVP-BGJ398 favors the recovery of impaired cartilage growth in *slc26a2*^*−/−*^ newborns. (A) Gross appearance of *slc26a2*^*−/−*^ neonates from NVP-BGJ398- and vehicle-treated pregnant females. In extreme cases (2/9), *slc26a2*^*−/−*^ neonates (arrowhead) could survive P0 but fail to live through P1. (B) Representative images of the femur, tibia and fibula isolated from NVP-BGJ398- and vehicle-treated *slc26a2*^*−/−*^ newborns. Scale bar: 1 mm. (C) Safranin O and fast green staining on sections of tibial growth plates at P0. Significantly increased columnar chondrocytes and typical hypertrophic chondrocytes were observed in NVP-BGJ398-treated growth plates. Scale bar: 50 μm. (D, E) Quantitative data of the length of long bones and each zone in growth plates (*n* ≥ 5). RZ, resting zone; PZ, proliferating zone; HZ, hypertrophic zone. (F) TUNEL staining and Ki67 immunostaining on sections of P0 tibial growth plates. Boxed areas show comparable regions of the hypertrophic and proliferating zone respectively. Scale bar: 100um. (G) Immunostaining of p-ERK1/2 in the proliferating zone on sections of P0 tibial growth plates. Scale bar: 100 μm. (H) Quantification of TUNEL-positive cells in the hypertrophic zone, and Ki67- and p-ERK1/2-positive cells in the proliferating zone (n = 3). For all the above-mentioned statistical analyses, significance was determined by Student\'s *t*-test, and results were shown as mean ± SD. \*: p \< .05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 7

3.10. Col2a1-Cre; slc26a2^fl/fl^ mice recapitulate the phenotype of slc26a2^−/−^ mice {#s0135}
-------------------------------------------------------------------------------------

Lines of evidence have revealed potential roles of *SLC26A2* in the pathogenesis of primary aldosteronism and development of ulcerative colitis and Crohn\'s disease and colon cancer, and even *dtd* mice showed abnormal aldosterone secretion, thereby justifying its ubiquitous non-skeletal expression \[[@bb0285], [@bb0290], [@bb0295], [@bb0300], [@bb0305]\]. Importantly, SLC26A2 is also expressed in cytotrophoblasts and considered to facilitate maternal-to-fetal delivery of sulfate \[[@bb0310],[@bb0315]\]. It is possible that organ failures or deficient placental sulfate transport could lead to perinatal lethality and contribute to the skeletal phenotype. To confirm the direct role of *SLC26A2* in cartilage, we generated conditional *slc26a2* knockout mice by crossing *Col2a1-Cre* transgenic mice with *slc26a2*^*fl/fl*^ mice (Fig. S7A). Analysis of qPCR indicated that *SLC26A2* was deleted in the cartilage without affecting its expression in other SLC26A2-expressing tissues of *Col2a1-Cre; slc26a2*^*fl/fl*^ mice ([Fig. 8](#f0040){ref-type="fig"}A). Similar to *slc26a2*^*−/−*^ embryos, the body size of E12.5 *Col2a1-Cre; slc26a2*^*fl/fl*^ embryos did not diverge from that of *Col2a1-Cre; slc26a2*^*fl/+*^ littermate controls whereas the difference became readily apparent at E15.5 ([Fig. 8](#f0040){ref-type="fig"}B and Fig. S7B). All *Col2a1-Cre; slc26a2*^*fl/fl*^ mice (*n* \> 30) died immediately after birth and exhibited very similar skeletal disorders with what was seen in *slc26a2*^*−/−*^ mice, including shortening of long bones, hypoplasia of the thorax, premature fusion of vertebral ossification centers and defective ossification of tympanic bones ([Fig. 8](#f0040){ref-type="fig"}C-F). Histological analyses of E18.5 tibial growth plates indicated similar loss of Safranin O stains and morphological alterations, including decreased cellularity, poorly aligned columnar chondrocytes and insufficient volume expansion of hypertrophic chondrocytes ([Fig. 8](#f0040){ref-type="fig"}G). Likewise, analyses of Ki67 immunostaining and TUNEL staining showed significantly reduced chondrocyte proliferation and increased apoptosis in E18.5 *Col2a1-Cre; slc26a2*^*fl/fl*^ growth plates compared with those of *Col2a1-Cre; slc26a2*^*fl/+*^ littermate controls ([Fig. 8](#f0040){ref-type="fig"}H, J). More importantly, we detected upregulated expression of ATF6 and enhanced phosphorylation of ERK1/2 by immunostaining on sections of E18.5 *Col2a1-Cre; slc26a2*^*fl/fl*^ growth plates, which suggests a common mechanism underlying skeletal abnormalities shared by *Col2a1-Cre; slc26a2*^*fl/fl*^ and *slc26a2*^*−/−*^ mice ([Fig. 8](#f0040){ref-type="fig"}I-J). Given the fact that *Col2a1-Cre; slc26a2*^*fl/fl*^ mice recapitulate the perinatal lethality and skeletal phenotypes of *slc26a2*^*−/−*^ mice, we conclusively demonstrate that SLC26A2 shares no redundancy with other chondrocyte-expressing sulfate transporters, and the lethality of global *SLC26A2* deletion mostly results from skeleton-specific pathogenesis.Fig. 8*Col2a1-Cre; slc26a2*^*fl/fl*^ mice recapitulate skeletal deformities of *slc26a2*^*−*/−^ mice. (A) qPCR analysis. Total mRNA isolated from different tissues of E18.5 *Col2a1-Cre; slc26a2*^*fl/fl*^ or *slc26a2*^*fl/fl*^ mice was subjected to qPCR for *SLC26A2* expression. Results from three independent experiments were normalized to GAPDH and shown as mean ± SD. (B) Statistical analysis of embryo length (*n* ≥ 3). (C) Skeletal preparation of P0 *Col2a1-Cre; slc26a2*^*fl/+*^ and *Col2a1-Cre; slc26a2*^*fl/fl*^ mice. Scale bar: 2 mm. (D, E) Craniofacial bones, vertebrae (D) and limbs (E) of P0 *Col2a1-Cre; slc26a2*^*fl/+*^ (part i) or *Col2a1-Cre; slc26a2*^*fl/fl*^ (part ii) mice. Scale bar: 1 mm. (F) Statistical analysis of limb length (*n* = 5). (G) Safranin O and fast green staining of E18.5 tibial growth plates. Scale bar: 50 μm. (H) Ki67 immunostaining and TUNEL staining on sections of E18.5 tibial growth plates. Scale bar: 50 μm. (I) Immunostaining of ATF6 and p-ERK1/2 in proliferating chondrocytes on sections of tibial growth plates at E18.5. Scale bar: 50 μm. (J) Quantification of Ki67-, TUNEL- and p-ERK1/2-positive cells (n = 3). For all the above-mentioned statistical analyses, significance was determined by Student\'s *t*-test, and results were shown as mean ± S.D. \*: p \< .05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 8

4. Discussion {#s0140}
=============

Research on ACG1B and AO2, two most severe forms of *SLC26A2*-related chondrodysplasias, remains in its infancy due to lack of proper mouse models and thus to hamper therapeutic development. In this work, we carried out the first systemic investigation into the pathogenesis of *SLC26A2*-deficient lethal chondrodysplasias, the biological functions of *SLC26A2* in chondrocytes and its skeleton-specific pathology by analyzing *slc26a2*^*−/−*^ and *Col2a1-Cre; slc26a2*^*fl/fl*^ mouse lines. Through our effects to elucidate the disassociated genotype-phenotype correlations of *SLC26A2*-related conditions by identifying unknown pathogenic factors, a previously unrecognized role of *SLC26A2* in collagen secretion and a potential therapeutic target are together addressed.

We first studied ACG1B and AO2 by generating and analyzing the *slc26a2*^*−/−*^ mouse model. All the *slc26a2*^*−/−*^ newborns died perinatally, which is the most distinctive difference between ACG1B and AO2 and other *SLC26A2*-related chondrodysplasias. The severity of skeletal deformities observed in *slc26a2*^*−/−*^ mice falls in a range between ACG1B and AO2. ACG1B leads to a more severe underossification of the skeleton in human, such as complete lack of ossification of the vertebral bodies and ischium, than AO2 \[[@bb0230],[@bb0235]\]. *slc26a2*^*−/−*^ mice shared common clinical features with human ACG1B and AO2, whereas the thickened soft tissue of the neck as observed in *slc26a2*^*−/−*^ mice is usually seen in ACG1B and less in AO2 \[[@bb0230]\]. The *slc26a2*^*−/−*^ mice do not exhibit cleft palate, a constant feature of human AO2 but not ACG1B \[[@bb0125]\]. At the cellular level, the morphology of *slc26a2*^*−/−*^ growth plate is much more severely altered than that of *dtd* mice. Uniquely, we observed multiple cystic acellular areas within the ECM of *slc26a2*^*−/−*^ growth plates which have been found typical in cartilage sections of patients with ACG1B and AO2 \[[@bb0085],[@bb0125],[@bb0130]\]. Particularly, these areas were completely devoid of collagen disposition in *slc26a2*^*−/−*^ mice. It has been demonstrated that an abnormal extracellular structure, the ring around chondrocytes formed by lamellar materials, was found in the cartilage of patients with ACG1B, AO2 and DTD \[[@bb0125],[@bb0130]\]. In some cases, this structure is called the "collagen ring" based on its morphology \[[@bb0235]\]. In concert with this, in *slc26a2*^*−/−*^ mice, a large amount of collagen appears in the cytoplasm of chondrocytes whereas a relatively small amount of collagen is concentrated around chondrocytes among areas of normal cellularity. The recapitulation of human clinical features and defective morphogenesis of growth plates in *slc26a2*^*−/−*^ mice justifies the potential applicability of our findings to human conditions.

Studies on mouse models with secretory defects have depicted a complex pathogenic paradigm of inherited skeletal diseases, involving selective activation and vastly different actions of discrete UPR signaling modules in each corresponding condition \[[@bb0150],[@bb0320], [@bb0325], [@bb0330]\]. It is interesting to find that the ATF6 arm of the UPR is preferentially elicited by defective secretion of ColII/IX in *slc26a2*^*−/−*^ chondrocytes. Likewise, in mouse models of metaphyseal chondrodysplasia type Schmid (MCDS), intracellularly retained mutant ColX triggers the PERK arm of the UPR, whereas misfolding of mutant ColI with a G610C substitution invokes an unusual stress response by which the conventional UPR sensor BiP or Xbp1 are not induced in a mouse model of osteogenesis imperfecta \[[@bb0150],[@bb0320],[@bb0335]\]. Together, our study and others indicate that the employment of UPR arms is largely stressor-dependent. It has been reported that ATF6 is constantly expressed in growth plate chondrocytes and favors chondrocyte hypertrophy in vitro by acting as the co-factor of Runx2 and modulating Ihh and PTHrP signaling during cartilage development \[[@bb0175],[@bb0340]\]. However, ATF6 knockout mice display no apparent skeletal phenotype whereas ablation of either ATF4 or XBP1 in mice causes evident skeletal defects, suggesting that ATF6 among other constantly expressed UPR components is not obligatory for chondrocyte growth under physiological conditions \[[@bb0155],[@bb0180],[@bb0265]\]. The only existing in vivo functional analysis of ATF6 in stressed chondrocytes is a recent report where deleting ATF6 in MCDS mice expressing mutant ColX with an N617K substitution worsens the phenotype through an unknown molecular mechanism \[[@bb0265]\]. Notably, we found that upregulated FGFR3 together with enhanced signaling was caused by and dominated the actions of the ATF6 arm in *slc26a2*^*−/−*^ chondrocytes. FGFR3 signaling plays an essential role in cartilage development by negatively regulating chondrocyte proliferation \[[@bb0345]\]. Mice expressing mutant activated FGFR3 and *slc26a2*^*−/−*^ mice share common phenotypic features of shortened long bones and premature closure of the neurocentral synchondroses of vertebrae \[[@bb0350], [@bb0355], [@bb0360], [@bb0365]\]. In addition to enhanced phosphorylation of ERK1/2 and STAT1 as putative mediators of FGFR3 signaling \[[@bb0245]\], Sox9 was continually present, albeit at low levels, in *slc26a2*^*−/−*^ hypertrophic chondrocytes, whose expression was already shut down in those of controls. Similarly, a recent study shows that hyperactive FGFR3 prevents the downregulation of Sox9 in differentiating chondrocytes and thus to hinder chondrocyte maturation \[[@bb0370]\]. These phenotypic and molecular similarities shared by *slc26a2*^*−/−*^ and FGFR3 mutant mice are consistent with the domination of FGFR3 signaling in the pathology of *SLC26A2* deficiency. Based on our study and others, here we propose a potential pathological paradigm of ATF6-FGFR3 in *slc26a2*^*−/−*^ chondrocytes: to handle transient ECM protein load, UPR sensors may employ inhibitory pathways to ensure proliferative inactivation, thereby protecting chondrocytes from further increased matrix protein load and benefiting the recovery of proteostasis \[[@bb0265],[@bb0270],[@bb0375]\], whereas overwhelmingly activated ATF6 arm of the UPR by *SLC26A2* ablation paradoxically leads to impaired cartilage growth through the exceeding enhancement of FGFR3 signaling. However, whether FGFR3 is a universal downstream mediator of ATF6 needs to be further confirmed in other ATF6-related disease models.

Fetuses with ACG1B and AO2 show readily severe skeletal abnormalities at an early gestational age of 12 weeks when the perinatal diagnosis could be made by sonographic examination \[[@bb0230],[@bb0380]\]. It is rather difficult to carry out medical management and surgical repair on human chondrodysplasias during pregnancy. Thus far, there has been no alternative therapy under investigation but to provide palliative care for viable ACG1B and AO2 newborns \[[@bb0230],[@bb0235]\]. Drug intervention during pregnancy has been proved practical and effective to ameliorate the retarded skeletal development and rescue postnatal death in mouse models mimicking human chondrodysplasias \[[@bb0385], [@bb0390], [@bb0395]\]. To our best knowledge, we conducted the first preclinical study with NVP-BGJ398 in SLC26A2-related conditions. NVP-BGJ398 emerges as a promising treatment for FGFR3-related tumors and chondrodysplasias \[[@bb0275]\] and is currently in several phase 2 clinical trials ([ClinicalTrials.gov](http://ClinicalTrials.gov){#ir0005}[NCT02160041](NCT02160041){#ir0010}, [NCT02159066](NCT02159066){#ir0015} and [NCT01975701](NCT01975701){#ir0020}). Targeting FGFR3 signaling with NVP-BGJ398 or the inhibitor of downstream effector could favorably modulate the growth of *slc26a2*^*−/−*^ cartilage explant cultures. Furthermore, we tested NVP-BGJ398 with timed pregnant females and observed significantly increased number of typical columnar chondrocytes and improved linear bone growth in *slc26a2*^*−/−*^ newborns. In line with the morphological improvement, the altered balance of chondrocyte proliferation and apoptosis was evidently restored. Consistent with the previous study \[[@bb0275]\], NVP-BGJ398 could also efficiently suppress FGFR3 signaling in *slc26a2*^*−/−*^ chondrocytes, indicated by significantly reduced phosphorylation of ERK1/2. Although NVP-BGJ398 did not fully rectify skeletal abnormalities of *slc26a2*^*−/−*^ newborns, its therapeutic effects on *slc26a2*^*−/−*^ pathological features justify suppression of hyperactive FGFR3 signaling as a rationale pharmacological strategy for *SLC26A2*-related chondrodysplasias. Therefore, FGFR3 inhibitors could be repurposed to treat ACG1B and AO2, and our *slc26a2*^*−/−*^ mouse model is well-suited to test other FGFR3-targeted therapeutic approaches for ACG1B and AO2.

In the present study, we also demonstrate for the first time that skeleton-specific inactivation of *SLC26A2* is sufficient to cause perinatal lethality, independent of contributions from other non-skeletal tissues expressing SLC26A2. Notwithstanding the shared neonatal death and phenotypic features, *Col2a1-Cre; slc26a2*^*fl/fl*^ mice show somewhat less defective bone elongation compared with *slc26a2*^*−/−*^ mice. A possible explanation is that *Col2a1-Cre; slc26a2*^*fl/fl*^ mice do not lose SLC26A2 expression in all skeletal cells; Cre-mediated recombination only takes place in a portion of osteoblastic cells that also contribute to bone growth \[[@bb0400]\]. Indeed, it has been reported that SLC26A2 shared a similar expression pattern with Col1a1 in the differentiating osteoblastic precursor cells \[[@bb0405]\], and osteoblasts expressing mutant SLC26A2 exhibited impaired sulfate uptake \[[@bb0020]\]. Thus, *SLC26A2* may play a potential role in osteoblasts, which remains to be further explored.

Collectively, the present study has expanded our view of the sulfate transporter SLC26A2 to the unexpected field of collagen secretion and proteostasis. Our findings will facilitate the understanding of genotype-phenotype relationships of *SLC26A2*-related chondrodysplasias and accelerate the development of drug therapy against ACG1B and AO2.
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